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Sparse sampling reconstruction of wind fields for
space-borne Doppler radars
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Abstract—With its conically scanning W-band Doppler radar
the WIVERN (WInd VElocity Radar Nephoscope) mission
promises to provide, for the first time, global vertically resolved
wind observations in cloudy and precipitating systems. Thanks
to its observation geometry, WIVERN will measure line of
sight Doppler velocities of the same atmospheric volume from
different viewing directions allowing the complete reconstruction
of the wind vector. To that end, a methodology to retrieve
horizontal wind vectors for a conically scanning radar with
a swath of 800 km and sparse sampling is developed in this
work. The retrieval is applied to different meteorological systems,
whose dynamic structure is simulated by a high resolution cloud
resolving model. Results show that, in presence of an healthy
number of cloud targets in the scene, it is possible to reconstruct
the zonal and meridional winds with uncertainty within 2-4 m/s.
Accuracies deteriorate in the central part of the swath close to
the ground track due to the sparser sampling and the inter-
dependencies between different radar looks.

Index Terms—Winds, Doppler radars, remote sensing, inver-
sion analysis.

I. INTRODUCTION

N the last decades, remote sensing observations from satel-

lite platforms have significantly strengthened the Global
Observing System (GOS), initiated by the World Meteorolog-
ical Organization more than 60 years ago to improve weather
prediction and then climate monitoring. Every day, millions
of observations, such as temperature, pressure, wind and rela-
tive humidity, are assimilated and update weather predictions
(NWP). Among the GOS atmospheric measurements, wind
field records are still incomplete (Fig. 1, [1]) thus severely
limiting modeling of NWPs and comprehensive understanding
of the key processes ruling coupled climate systems.
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Most of the direct observations of winds come from ra-
diosondes, daily launched from stations mainly located in
the Northern Hemisphere, while very fews are found over
the oceans, the tropics and the Southern Hemisphere. Surface
observations are taken from land stations, ships and buoys, and
from space-borne scatterometers (indirectly derived from sea
roughness recorded over the oceans). Single-level wind mea-
surements are made from aircraft at cruising altitude and from
atmospheric motion wind vectors derived from successive
geostationary satellite images on top of the clouds (or from
above the clouds). Aircrafts also provide wind observation
profiles around airports during take-off and landing. Active
instruments capable of measuring the full range of horizontal
wind components (wind profilers) or the line-of-sight (LoS)
wind (Doppler radars and lidars) are only available at a few
locations around the world.

A significant advance in wind observations was made by
the ESA Aeolus mission, launched in 2018 and completed in
July 2023, with its Atmospheric LAser Doppler Instrument
(ALADIN) payload, the first space-based Doppler lidar [2].
Aeolus provided global profiles of LoS winds in clear sky
regions and within thin clouds in the troposphere and lower
stratosphere [3]; operational assimilation of such observations
into NWP systems at different forecast centers has already
shown a significant positive impact (e.g. [4], [5]).

To fill the gap in global wind observations within storms and
precipitation systems, the WInd VElocity Radar Nephoscope
(WIVERN, www.wivern.polito.it, [6], [7]), was proposed in
ESA’s Earth Explorer 11 call. WIVERN’s unique 94 GHz
conically scanning Doppler radar would provide the first
space-based in-cloud wind profiles in conjunction with cloud
and precipitation profile measurements.

WIVERN aims to significantly improve NWP by comple-
menting Aeolus clear-sky with in-cloud LoS wind profiles over
800km swaths, providing near-global, quasi-daily coverage
at the kilometer scale [8]. Hence, WIVERN would help to
address fundamental cloud and climate science questions by
providing space observations of atmospheric dynamics within
tropical cyclones [9] and filling existing gaps in polar snow
and light rain observations [10], [11].

The focus of this work is to better assess the potential of
WIVERN in reconstructing the vertical structure of the hori-
zontal wind vector (i.e the zonal and meridional components)
inside weather systems in “stratiform” areas (i.e. regions with
negligible convective motions). The retrieval is achieved via
iterative minimization of a cost function based on WIVERN
observables and subject to the physical constraint of zero
divergence. A hierarchical approach is adopted to improve
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Fig. 1. Wind observations in the Global Observing System (GOS) are performed from a large gamut of platforms, ranging from geostationary to ground-based
(left figure). The advantages and disadvantages, the average number of observations used in the Meteo-France data assimilation system and the typical errors

are given in the table on the right.

the accuracy of the horizontal wind field reconstruction across
scales ranging from 50 km to 10 km. The characterization of
the vertical component in regions where convection could not
be discarded will be the subject of future studies.

The paper is structured as following. Data record sampling
and measuring principles are introduced in Sect. II. Sect. III
describes the cloud resolving model simulations implemented
to reproduce realistic wind fields whereas the retrieval method
is presented in Sect. IV. Results are discussed in Sect. V and
conclusions are drawn in Sect. VL.

II. WIVERN METHODOLOGY OF MEASURING AND
SAMPLING

WIVERN observing principle is based on the well-
established Doppler radar theory signals [12], [13] with sam-
ples acquired from a fast-rotating conically scanning antenna
(Fig. 2) at different azimuth angles [7], [14].

The wind velocity can be expressed in the local meteoro-
logical system [15] as:

V=ugx+vyg+w2 (1)

where U is the zonal wind from West to East, v is the
meridional wind from South to North and w is the vertical
wind, R, ¥, 2 are the unit vectors inthe W E, S N, and
local vertical directions.

After subtracting the LoS components of the satellite veloc-
ity and of the Doppler terminal velocity of the hydrometeors
(i.e. of the radar-reflectivity weighted terminal velocities of the
scatterers within the backscattering volume, [12]) WIVERN
can estimate the LoS component of the wind, V| o5, whose
magnitude can be expressed as a combination of U, v, w:

Vies = u+ v+ ‘w 2)
where ? = sin( Qiﬁ Z_N;’ 0 = sin( |)‘fﬂ{z_Ng

and " = cos( 1); 42 is the nadir incidence angle,
( n) is the azimuth angle measured clockwise from the

satellite track direction to the horizontal LoS direction (North
direction) as illustrated in Fig. 2.

In this work only large scale flow horizontal winds in
regions with no convective motions (w  0) are considered.
Therefore we assume that the values of the horizontal line-of-
sight (HLoS) wind velocities can be derived from the V| os
measurements:

e+
sin

VLoS —
sin( 1)

VHLos u+ v 3)

The WIVERN scan pattern is shown in Fig. 3. Dotted lines
(cross-lines) correspond to the forward (backward) looks. Each
measurement represents a mean value averaged over a region
approximately 1 km wide (the size of the radar footprint) and
of length equal to the integration length (with the WIVERN
baseline product provided at 5 km). The reconstruction of the
horizontal winds will be done at coarser scales for grid cells
(from 1 to N¢) with resolutions of 10 km or 20 km, where

could be available.

Because of the scanning pattern geometry, many more
measurements will be on average available in cells located
at the edge rather than at the center of the swath, with a very
sharp gradient in the 50 km closest to the edge (see black
line in Fig. 4). For any given distance from the ground track
the number of 1 km along-track averaged measurements in
10km  10km pixels is generally highly multi-modal; this
can be seen from the low density of colored points in Fig. 4,
i.e. of points with a frequency of occurrence different from
zero (white color). For instance, inside 10km  10km pixels
just across the ground track (i.e. at 0 km distance in the x-
axis) there are either no measurements (42:5% of the cases)
or 10 1-km along-track averaged measurements (57:5% of
the cases). The situation becomes more complicated far from
from the ground track with significantly increasing percentage
of pixels with no recorded data (even greater than 60%)
in the first 140 km. In the two pixels closest to the sides
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Fig. 2. Geometry of observation for the WIVERN conically scanning radar. Top panel: the relationship between the WIVERN Doppler velocity measurement
Vi os and the HLoS wind in the vertical plane including the line of sight. For better illustration, a situation with a vertical wind w is shown. Bottom panel:
the relationship between the HLoS wind measurement and the components U and V defined in the meteorological reference frame for a forward look (subscript

1120

F) and a backward look (subscript B). This plot is drawn in the horizontal plane with the satellite in an ascending trajectory with an angle N measured
clockwise from the satellite track to the North.
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Fig. 3. Example of WIVERN scan measurements at fixed altitude. The
satellite is assumed to move upwards at 7.6 km/s while scanning an 800
km swath at 12 rpm. The size of the radar footprint is of the order of 1
km. Red dots correspond to forward views, black dots to backward views
(forward and backward with respect to the motion of the WIVERN satellite,
represented by the long black arrow). The three insets on the right show a
zoom with the sampling within the three boxes highlighted in green, cyan
and pink cells, corresponding to a 40 40 km? region at the edge, center and
center of the swath. Red (black) arrows represent the HLoS wind for each
available measurement in the cell for the forward (backward) view.
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Fig. 4. Number of 1 km along-track averaged measurements in each 10
10 km? pixel for the WIVERN scanning pattern as a function of the distance
from the satellite ground track. The black curve indicates the mean value
whereas the color is modulated by the relative occurrences (the sum of the
relative occurrences in each column at a given distance from the ground track
is 100%).

(20 km wide strip), a high quality sampling is achieved with
minimum 20 and maximum 56 measurements per pixel. In
addition to the scanning pattern sampling, the availability of
useful measurements is related to the presence of cloud targets
yielding Doppler returns with high signal to noise ratios.
Note that the measurements will have different azimuthal
diversity (which is a critical feature for retrieving the U and v
components) depending on their location within the swath. For
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example, the cyan and green cells close to the ground track of
the satellite and at the edge of the swath do not exhibit much
azimuthal diversity, hence good retrieval is expected only for
the along-track and cross-track components, respectively. If the
satellite moves along a meridian (which is roughly the case at
low latitudes, as the angle between the north and the satellite
track in the ascending node is -7 ), this will correspond to
the meridional or zonal wind, respectively. In contrast, the red
cell is characterized by looks with a wide range of azimuths,
making it easier to reconstruct the full horizontal wind vector.

III. NOTIONAL SIMULATIONS

In order to study the horizontal wind inversion for realistic
weather systems the outputs of a high resolution global model,
the System for Atmospheric Modeling (SAM, [16], [17]) have
been used. SAM has a horizontal resolution of 4.3 km and 74
vertical layers. It simulates small scales of motions coupled
to large-scale circulation systems so that it explicitly resolves
convection, thus overcoming the drawbacks associated to
convection parameterizations [18].

Here the output of the model for September 5th, 2017 is
used. The total liquid water path is shown in Fig. 5. Three
precipitating systems, highlighted by three rectangles, are
considered in detail in the study corresponding to:

hurricane IRMA over the Caribbeans (Area 1);
mid-latitude storm in the Southern ocean (Area 2);
frontal system at very high latitudes in the Atlantic ocean
off Labrador (Area 3).
The corresponding zooms of the integrated condensed water
contents together with the intensity of the horizontal winds at
5 km altitude are shown in the bottom panels of Fig. 5. While
the hurricane and the storm in the Southern Ocean exhibit
clear cyclonic circulation around the pressure minimum, the
wind field in the system off Labrador is much more complex
with a strong shear region around 54 latitude.

IV. RETRIEVAL METHOD FOR THE HORIZONTAL WIND
FIELD

The horizontal wind velocity inversion procedure (here-
inafter HWVI) entails iteratively reconstructed wind velocity
fields by applying an optimization technique to match modeled
data with observed data (synthetic measurements in this work).
In this work, we focus on the reconstruction of zonal (U) and
meridional (v) wind fields.

Considering the standard least-squares method, the HWVI
can be formulated as the following optimization problem [19]:

1 D 2
min — iU+ iV (VHLos); 4
uv. 2 i=1

where (VHLos); represents the line-of-sight velocity mea-
radar measurements, and the linear combination ju+ Vv are
the modeled line-of-sight velocities (modeled data) written in
terms of the unknown horizontal wind velocity components, U
and V. In other words, the optimization problem presented in
Eq. (4) seeks to adjust the modeled wind fields to the available
observations, minimizing the error between them.

To calculate the modeled data ( ju+ V), the U and v wind
field models are initially discretized into a mesh with several
grid points. The discretization process involves dividing the
spatial domain into a grid, where each point represents a
specific location in the domain, as shown by the black squares
in Fig. 6. At each grid point, the values of U (zonal wind
component) and V (meridional wind component) are approx-
imated. This step is indispensable because it transforms the
continuous wind fields into a finite set of variables that must be
handled computationally. Once the grid is defined/generated,
the optimization problem is solved iteratively by finding the
values of U and Vv that minimize the discrepancy between the
modeled and observed wind velocities at each grid point. By
iteratively refining the values of U and Vv across the grid, the
values converge to the solution that best matches the observed
data, ensuring a accurate reconstruction of the wind fields, as
will be discussed later.

Let us consider a region with N grid points (the center
of which is indicated by a red triangle in Fig. 6) illuminated
by the radar. Since the horizontal wind vector (uy; V) is the
minimization problem in Eq. (4) is equivalent to solving the
linear system [20], [21]:
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i=1 i
8l =1; 2;:::N¢, which is reduced to a simple inversion for
each grid point I, where M is the number of wind velocity
observations (V| es) that are influencing or contributing to
the estimation of the wind components U; and Vv, at that
specific grid. It is worth noting that the value of M varies
from point to point in the grid, depending on how many
radar measurements are available or relevant for each specific
location.

A limit of this approach is the data sparseness due to
the scattered nature of cloud and precipitation fields across
the observation region (represented by green dots in Fig. 6).
As a result, some grid boxes may lack measurements or be
poorly illuminated. To address this issue, all measurements
are incorporated across the entire domain ((VHLos);, Where

its distance from the grid point. Then, for each grid point I,
the optimization problem is reformulated as follows:

Bgh o i
min i il + Vi (VHLos); (6)
CIAY] .
i=1
where i(l) is a weighting parameter that accounts for the
relative importance of each measurement:
2 | !23
0] 4 fi() 5
i T EXp e ; (7N

with ri(l) the distance between each measurement i and the
grid point I, and L > 0 is a scaling parameter which accounts
for the correlation length of the measurements.






